x 10-2. With each plasmid, the frequency of transformation was independent of the phase of the growth cycle. When concentrations of pRK2501 ranging from 0.1 to 51 ,ug of DNA were tested, the frequency of transformation was directly proportional to the amount of DNA. This linear response indicated that, although the uptake of plasmid DNA with this procedure may be inefficient, there is a high probability that once inside a cell the plasmid will be stably maintained. Cells that have been transformed with pRK2501 did not grow well on transforming medium which lacks iron and contains fixed nitrogen. However, on growth medium which contains iron and lacks fixed nitrogen, transformants produced distinctive colonies larger than those of nontransformed cells. Resistance to kanamycin due to transformation by pRK2501 was stably maintained for at least 10 successive generations in the absence of selective pressure. The present protocol should facilitate the molecular cloning of genes in Azotobacter spp.
Azotobacter vinelandii, a free-living, gram-negative soil bacterium, has the ability to fix nitrogen under aerobic conditions. As noted by others (5, 14, 16, 18) , the development of an effective transformation system for Azotobacter spp. should facilitate genetic studies of the nitrogen-fixing (niJ) genes, help to determine precisely how the nitrogenase is protected from inhibition by oxygen, and aid in the routine characterization and analysis of other genes. In addition, because of its particular biological properties, especially asymbiosis, Azotobacter sp. may have the potential to be a bacterial fertilizer (8) . The eventual efficacy of Azotobacter sp. as an efficient nitrogen fixer for agricultural purposes may require that it be manipulated genetically. Thus, the establishment of a functional molecular cloning system for Azotobacter spp. would be useful for both practical and fundamental studies. To meet this end, we have developed a protocol that yields a high frequency of transformation with various broad-host-range plasmids (namely, pRK2501 [12] , RSF1010 [9] , and pGSS15 [2] ). The procedure reported here is a modification of the one that Page and his co-workers have perfected for the transformation of Azotobacter sp. with chromosomal DNA (14, 18, 19 Broad-host-range plasmids pRK2501 (11.1 kilobases; IncP-1 group; tetracycline and kanamycin resistant in E. coli WA803), RSF1010 (8.5 kilobases; IncQ group; sulfonamide and streptomycin resistant), and pGSS15 (11.4 kilobases; IncQ group; tetracycline and ampicillin resistant) were kindly provided by V. N. Iyer (Carleton University, Ottawa, Ont.), M. David (INRA, Versailles, France), and G. Sharpe (University of Leicester, Leicester, U.K.), respectively. Depending on the particular plasmid, transformants were selected for resistance, using the appropriate antibiotic at concentrations that were two to three times the lowest amount that gave 100% inhibition of growth. Kanamycin, streptomycin, and tetracycline were added at 0.5-, 0.25-, and 1-,ug/ml final concentrations, respectively. Plasmids were purified from E. coli by precipitation with polyethylene glycol (20) . The absence of both contaminating RNA and chromosomal DNA in plasmid preparations that were used for the transformation studies was verified by electrophoresis in agarose (0.7%) gels.
For the standard transformation protocol, single Azotobacter sp. colonies were picked from freshly streaked cells, inoculated into TF medium, and grown in a water bath Gyrotory shaker (170 rpm; New Brunswick Scientific Co.) at 30°C to an absorbance at 620 nm of <0.2 before inoculation into fresh TF medium. The culture was then grown under the same conditions. Absorbance at 620 nm was monitored, and samples, at various times, were either diluted with TF medium or concentrated by centrifugation to a cell density of 1.6 x 108 cells per ml. A 50-,ul portion of cells was suspended into 300 ,ul of fresh TF medium before 50 ,ul of DNA (approximately 22 ,ug/ml) was added. The cells and DNA were incubated together in an Eppendorf centrifuge tube for 30 min at 30°C. The cells were centrifuged at 12,000 x g for 3 min, the supernatant was discarded immediately, and the pellet was gently suspended in 400 ,ul of fresh TF medium and incubated for 60 min at 30°C.
Cells, at various dilutions, were carefully plated on AG medium with and without the addition of antibiotic. After incubation for 72 h at 30°C, the total number of viable cells was determined from the AG plates lacking antibiotic, and the number of transformants per microgram of plasmid DNA was scored on the antibiotic-supplemented plates. All measurements were made in triplicate. The frequency of transformation is defined as the number of transformants per microgram of plasmid DNA per total number of viable cells. Transformation efficiency is defined as the number of transformants per microgram of input plasmid DNA.
All chemicals were reagent grade. The antibiotics were purchased from either Sigma Chemical Co. or Boehringer Mannheim Biochemicals, and both the agar and yeast extract were from Difco Laboratories. The glucose and antibi- otic solutions were filter sterilized, whereas all other solutions were autoclaved.
RESULTS
In a series of studies of the transformation of A. vinelandii with chromosomal DNA, a discrete period of maximum transformability was routinely observed (14, 16, 17, 21) . When the transforming medium lacks iron, this peak occurs about 18 to 20 h after the culture has been established. To test the pattern of transformation with plasmid DNA, cells at various stages of growth were used as recipients. The growth curve of A. vinelandii is biphasic, with rapid cell growth from about 2 to 5 h (generation time, 57 min) and a slower growth rate from S to 24 h (generation time, 364 min). As the initial growth rate changes (optical density at 620 nm = 0.15 to 0.25), the cultures acquire a yellow-green hue presumably due to the production of siderophores (15) . There is no significant difference in the proportion of cells that are transformed with pRK2501 as a function of the phase of growth (Fig. 1) . The overall transformation frequency was 5.7 + 1.8 x 10-2 (+ standard error of measurement) per ,ug of plasmid per viable cell.
In an initial series of experiments when pRK2501-induced transformants were plated onto TF medium containing kanamycin, all of the resultant colonies were extremely small and slow growing. Subsequently, it was found that such transformants grew well on AG medium in the presence of kanamycin. On this medium, in the absence of kanamycin, distinct colony morphologies were observed after transformation. One type of colony was small and clear, whereas the other was large, raised, and mucoid (Fig. 2) 4 analysis, r = +0.54) between transformation frequency and stage of growth. With pGSS15, the mean transformation frequency for cells grown to absorbances between 0.2% and 0.920 at 620 nm was 1.9 ± 0.6 x 10-2 (± standard deviation; n = 10). There is no clear trend (r = -0.42) indicating that the frequency of transformation is affected by any particular phase of the growth cycle.
Since Azotobacter sp. cells that are transformed with pRK2501 form only very small colonies on TF medium, a simple test for determining the retention of the kanamycin plasmid is feasible. Briefly, transformed cells are grown for different numbers of generations in AG broth lacking kanamycin. At various times, cells are spread onto plates containing TF medium. Control plates contain AG medium. Any normal colony formation on the plates with TF medium would signify loss of plasmid, that is, reversion of the transformed state. In a number of trials, the plasmid (i.e., transformed state) was maintained by all cells for at least 10 successive generations in the absence of selective pressure. Intact pRK2501 was extracted from transformed Azotobacter sp., indicating that neither rearrangement nor integration into the chromosome of the host cell occurs after growth in the absence of kanamycin. DISCUSSION Page and co-workers (16) (17) (18) (19) have developed an effective procedure for the transformation of A. vinelandii with chromosomal DNA. Generally, transformation frequencies range from 0.3 x 10-2 to 1.0 x 10-2. In essence, this method requires that Azotob2cter sp. cells be grown in medium which lacks iron and to which fixed nitrogen, usually ammonium acetate, is added. In the present study, using this basic 10 102 system, high transformation frequencies The absence of iron in the transformation medium is an important condition for successful chromosomal DNA-mediated transformation. Iron-deficient medium, coincidentally, provides an effective means for optimizing plasmid transformation of Anacystis nidulans (7) . In this case, a membrane protein is induced (10) . Similarly, in the absence of iron, four new proteins are found in the membrane of A. vinelandii (19) . These proteins may play a role in the binding and transport of exogenous DNA into the bacterium.
The acquisition and maintenance of plasmid DNA by Azotobacter sp. induce physiological perturbations. The presence of plasmid probably causes a metabolic load on the recipient cell with the consequence that under conditions of stress (e.g., absence of iron) plasmid-bearing cells do not grow well. The major difference in colony morphology between plasmid-carrying and nontransformed cells when grown in AG medium may be attributed to an extensive build-up of capsular material by transformed cells. The maintenance of plasmid may drain cellular energy levels. Consequently, to compensate for this effect, respiration and extracellular polymer production could be enhanced. Although intriguing, these biological changes do not preclude the construction and effective use of cloning vehicles for the genetic manipulation of Azotobacter spp.
